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We report the observation of a new c-type band of ͑D 2 O͒ 3 at 583.215 92͑37͒ GHz, which we assign to the kϭϮ2 0
←Ϯ1
0 torsional hot-band. The new data includes the first observation of Kϭ0 states for the kϭϩ1 0 and kϭϪ2 0 levels and effects a correct assignment of these states. A new perturbation was observed for the Kϭ2 states of the kϭϩ2 0
←Ϫ1
0 subband splitting each transition into two equally spaced equal intensity doublets. Analysis of the band and inclusion into a global fit of all torsional bands produces negligible differences with previous analyses, and confirms the validity of the Hamiltonian developed to treat the coupling between torsional motion and overall rotation. The 583.2 GHz band completes the precise characterization of all ͑D 2 O͒ 3 vibrational levels below 100 cm Ϫ1 . © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1337050͔
I. INTRODUCTION
Water clusters are of current experimental and theoretical interest, and among these clusters the water trimer has been at the focus of many recent studies. [1] [2] [3] [4] [5] [6] [7] The experimental data set for the water trimer is the most extensive existing for any water cluster, with seven, four, and six complete intermolecular vibrational bands observed for ͑D 2 O͒ 3 , ͑H 2 O͒ 3 , and mixed isotopomers, respectively. 1, 6, [8] [9] [10] [11] [12] [13] [14] Furthermore, the water trimer is the only water cluster for which vibrations corresponding to all intermolecular motions ͑tor-sion, translation, and libration͒ have been observed. 8, 9 Calculation of the hydrogen bond lifetime in different vibrational states has allowed a comparison of the effect of exciting the various types of vibrations on the hydrogen bond lifetime and comparison with calculations for liquid water. 7 All vibrational bands of ͑D 2 O͒ 3 except for the 142.8 cm Ϫ1 band correspond to purely torsional vibrations, as shown in Fig. 1 . The large number of low-lying vibrations results from the torsional ͑''flipping''͒ motion of the free deuterium atoms, which connects six degenerate minima on the intermolecular potential energy surface ͑IPS͒, splitting each torsional energy level into a manifold of six. 15 This flipping motion of a free deuterium is symmetrically equivalent to rotation and hence is a pseudorotational motion, which couples strongly to the overall rotation of the cluster. 1, 3, 6, 16 A complete understanding of the torsional states and analysis of the torsional bands requires a Hamiltonian that accounts for the coupling of the torsional motion with the overall rotation of the cluster. 1, 3, 6, 16 One direction in the study of small water clusters is the determination of an accurate potential for liquid water by fitting of existing potentials to water cluster vibrationrotation-tunneling ͑VRT͒ data.
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Recently the VRT͑ASP-W͒ potential was determined by fitting of Stone's ASP potential form to VRT data for the water dimer, and VRT͑ASP-W͒ accurately reproduces the equilibrium structure of the water trimer. 17 The SAPT-5s-tuned potential, adjusted to produce agreement with dimer VRT data, and when supplemented with explicitly calculated three-body interactions obtained by SAPT, reproduces the measured torsional frequencies of the lowest torsional manifold. 18 Further improvement of potentials such as VRT͑ASP-W͒ requires explicit inclusion of three-body forces in the fit and the water trimer is the next logical step toward this, as it allows this without complications by the higher-order terms. The lowlying vibrational levels are especially important, as they are the first to be included in such a fit, and observation of the new band reported here is of special importance as it confirms the previous results, and completes the precise characterization of all energy levels of ͑D 2 O͒ 3 below 100 cm Ϫ1 . The 583.2 GHz band is the lowest frequency vibrational transition of ͑D 2 O͒ 3 and was not accessible with the Berkeley THz spectrometer. Use of a backward wave oscillator ͑BWO͒ was necessary to access this frequency range, and effected the observation of 120 P-branch lines of this band.
II. EXPERIMENT
The experimental configuration used in the observation of the new 583.2 GHz (D 2 O͒ 3 band resembles the Berkeley terahertz spectrometer, which has been described previously, and only the principal differences will be discussed here. [19] [20] [21] To generate submillimeter power the THz laser sideband spectrometer was replaced by a BWO, phase locked to a HP8376B microwave ͑MW͒ synthesizer ͑2-26 GHz͒ as described earlier. 22 For the highest frequencies we used a mi- 21 The large angle of the incident and exiting radiation with respect to the face of the source resulted in larger Doppler broadening than in the low frequency THz experiments, and the observed linewidths were ϳ1.6 MHz. The reduced sensitivity due to the poorer beam properties, large linewidths, and smaller number of passes compared with the THz experiment is compensated by the much higher output power ͑several mW͒ of the BWO, compared with W for the THz experiment. This is evidenced by the high signal-to-noise ͑S/N͒ ratio of the observed transitions ͑see Fig. 2͒ . The most intense transitions had S/N ratios of ϳ500:1 and the ϩ P 1 (13) transition originating from 43.73 cm Ϫ1 above the ground state of the molecule has a S/N ratio of 35:1. The 583.2 GHz band corresponds to a hot-band, and accordingly N 2 was used as a carrier gas as it results in a hotter expansion. The limiting noise source was 60 Hz noise introduced in the BWO, and future efforts will aim at minimizing this as it will increase the sensitivity significantly. Both the absolute and relative frequency accuracy of the BWO are superior to the THz experiment, as the frequency of the BWO experiment is determined by that of the MW synthesizer and not affected by the drift of or the uncertainty in the frequency calibration of the THz laser. Limitations of the mixer used for locking the BWO did not allow transitions higher in frequency than P(6)(ϳ514 GHz) to be observed.
III. RESULTS AND DISCUSSION
A total of 120 transitions ͓ P(6) -P(13)͔ of ͑D 2 O͒ 3 were measured with a precision of 200-400 kHz. The P (8) branch of the spectrum shown in Fig. 2 is representative for the band and all P-branches are similarly perturbed. Bifurcation tunneling splittings were not observed, even after decreasing the modulation depth significantly. This is expected as the bifurcation tunneling splittings in the kϭϮ1 0 ,Ϯ2 0 levels are ϳ1-2 MHz and it was shown for the corresponding kϭϮ2 0 ←Ϯ1 0 ͑H 2 O͒ 3 band that the difference of the splittings in the two levels is observed, and accordingly the band has the smallest bifurcation tunneling splitting of all ͑H 2 O͒ 3 bands. 6, 16 The only other ͑D 2 O͒ 3 band for which no bifurcation tunneling splittings have been observed is the 142.8 cm Ϫ1 band. The tunneling splittings in lower and upper states of that band are also very similar, as it corresponds to a hydrogen bond stretching vibration. 8 The only dipole allowed transition between the torsional levels shown in Fig. 1 that had not been previously observed is the kϭϮ2 0
←Ϯ1
0 band reported here, as this band was not in the frequency range of our THz spectrometer. All degenerate torsional states are severely perturbed by the Coriolis interaction, and the kϭϮ2 0
0 is especially perturbed as it involves both a perturbed lower and upper state. A fit of the data would not have been possible without the detailed Hamiltonian developed by van der Avoird et al. 1 Although the Coriolis perturbation only consists of secondand higher-order terms, previous results showed that both degenerate vibrational levels are split by a term linear in K, similar to the effect expected from first-order Coriolis interactions. Furthermore the Kϭ1 states of the kϭϩ1 0 and Ϫ2 0 levels are split into doublets by a large amount ͓ϳ4 GHz for ϩ P 1 (11) ]. This new band is the first allowing observation of complete P-or R-branches with large J-values. These transitions are of special interest, as the effect of the Coriolis interaction increases with J and some effects are predicted to only be observable for large J-values. Transitions of the kϭϩ2 0 ←Ϫ1 0 subband will be labeled Ϫ P K (J), and the transitions corresponding to the kϭϪ2 states with large J-values, but the residuals of the fits for K ϭ2 transitions with JϾ6 are rather large, indicating that some additional perturbation also exists. The splitting of the Ϫ P 2 (J) transitions is symmetrical about the frequency predicted for an unperturbed transition and is shown in detail in inset ͑b͒ of Fig. 3 . The J-dependence is indicative of a Coriolis interaction. 1 Therefore we propose that the splittings observed here are caused by the Coriolis perturbation and are at least qualitatively correctly predicted by theory. However, theory predicts a doublet and not a quartet, but Table I does not specify which bifurcation tunneling component it refers to, as this splitting is usually constant for ͑D 2 O͒ 3 . Analysis of the experimental relative intensities gives an intensity ratio of ϳ2.5:1 ͑see Fig. 3͒ . This is close to the ratio expected for the two triply-degenerate states of the bifurcation tunneling components relative to the singlet states ͑2:1͒. Therefore it is likely that this splitting is due to the Coriolis perturbation already included in the theory and the magnitude of the splitting differs for the singlet and triplet states. The Hamiltonian used for fitting only includes terms to second-order and thus does not predict any such splitting, and the center of the K ϭ2 quartets was used in all fits discussed here. (8) , and the transitions corresponding to the kϭϪ2 0 ←ϩ1 Ϫ0 subband, ϩ P K (8) . The purely secondand higher-order Coriolis interaction splits the degenerate vibrational levels ϳK ͑usually arising from first-order effects͒ with additional higher-order effects. The ϩ P K (8) branch shows severe perturbations evidenced by an atypical rotational progression. The ϩ P 0 (8) transition is observed at lower frequency, the ϩ P 1 (8) transition is split into a doublet by a large amount and was not observed, and the ϩ P 2 (8) -ϩ P 7 (8) transitions form a progression starting at higher frequency with a band-head at ϩ P 5 (8). The Ϫ P 2 (8) transition is split into a quartet ͑see Fig. 3͒ . Inset ͑b͒ shows the Ϯ P 0 (8) transitions separated by ϳ2 MHz.
ϩ P 0 (J) transitions had not been identified in the previous work, probably as they are hidden by the anomalous bifurcation tunneling splittings for these bands ͑Ref. 1͒. The previously unobserved R R 1 (10) transition of the E 1 ϩ state of ͑D 2 O͒ 2 is also shown as is an HDO monomer absorption.
FIG. 3. The Kϭ2 transitions of the kϭϩ2
0 ←Ϫ1 0 subband are split into quartets. The splitting is symmetrical about the position predicted for an unperturbed transition. Inset ͑a͒ demonstrates that the splitting is not observable for JϽ7 and increases with J ͓ca. as J(Jϩ1)]. The broadening of the Ϫ P 2 (6) transition is probably due to convolution with the ϩ P 2 (6) transition. Inset ͑b͒ shows that the two higher intensity components are split by a large amount and the two lower intensity components by a very small amount ͑Ͻ2.5 MHz͒. This had not been observed for any of the previous (D 2 O) 3 bands, probably as no high J, low K transitions had been previously observable due to low intensities ͑Ref. 1͒. 0 band, is the only previously observed such band, and it was originally assumed that the transitions involving Kϭ0 were convoluted with other transitions in the spectrum. 1, 23 However, observation of a very closely spaced doublet in the case of the 583.2 GHz ͓see inset ͑b͒ in Fig. 2͔ band led to a reanalysis of the results expected from the Coriolis perturbation, which showed that in fact both Kϭ0 transitions ͓ ϩ P 0 (J), Ϫ P 0 (J)͔ should be expected at the same frequency as they are only affected by higher-order perturbation terms. Probably, such slightly split transitions for Kϭ0 were not observed previously as they were obscured by the anomalous bifurcation tunneling splittings of the Kϭ0 states of the kϭϩ2 1 ←Ϫ1 0 subband. 109 assigned P-branch transitions, using the center of the Ϫ P 2 (J) quartets, were fit using the Hamiltonian developed for the torsional bands. 1 The P(7) branch was observed but could not be fit well and it is unclear whether a perturbation is present or whether some experimental problem existed. The results of fitting the 583.2 GHz band independently of all other bands ͑fit I͒ are shown in Table I , and the assigned transition frequencies are given in Table II . The lower state constants could not be fit without correlation and had to be fixed as only P-branch transitions were observed. The rms deviation of the fit was 0.52 MHz, which is close to the frequency accuracy of the experiment and the quality of the fit is the best obtained for any water cluster VRT band measured to date. The results of a global fit ͑fit II͒ of all torsional bands of ͑D 2 O͒ 3 including 659 lines are shown in Table III . The Coriolis perturbation did not allow an independent fit of the kϭ0 0 C rotational constant, which was fixed to the value used by Viant et al. 1 The results of fit I and fit II are nearly identical and only the energy of the kϭϮ2 0 level lies significantly outside the standard deviations of the two fits. Similarly the P(6) transitions show a larger difference between observed and calculated values in fit II than fit I. This is most likely due to the fact that only P-branch lines were observed for the 583.2 GHz band, which did not allow for as exact a determination of the band origin in fit I as in cases were P-, Q-, and R-branch transitions were observed. A comparison of fit II with the results of the global fit of Viant et al. reveals differences only in the distortion constants of the kϭϮ1 0 and Ϯ2 0 levels. 1 This difference is not surprising as the fits do not include higher-order distortion constants or higher order Coriolis terms, which are both effective in the new fits including the large J-value transitions of the 583.2 GHz band.
Observation and analysis of the 583.2 GHz band thus confirms the previous work, and all dipole allowed transitions between the known torsional levels have now been observed. This completes the characterization of all vibrational energy levels of ͑D 2 O͒ 3 below 100 cm Ϫ1 , as the energy of the hydrogen bond stretching vibrations, the next lowest energy vibrations, have been calculated at ca. 170 cm Ϫ1 and the degenerate asymmetric stretch has been experimentally observed at 142.8 cm Ϫ1 . These low-lying levels are of special importance as they are the first to be included in a fit of an existing potential, like VRT͑ASP-W͒ to the experimental data.
There have been many efforts comparing the VRT results for the water trimer with those of calculations using potentials based on ab initio results and especially developed for the torsional states of the water trimer. 4, 15, 16, 18, [24] [25] [26] [27] [28] [29] The SAPT-5s-tuned potential is one of the most sophisticated potential applicable to the water trimer torsional states. 18 This potential is based on ab initio results empirically adjusted to fit experimental water dimer VRT data. When three body terms are included in the SAPT-5s-tuned potential it reproduces the measured torsional frequencies for the k ϭϮn 0 manifold quite accurately. 18 The deviation for this manifold is largest in the kϭϮ2°level with a calculated energy of 29.1 cm Ϫ1 compared to the experimental value of 28.0 cm
Ϫ1
. In comparison, calculations on the two previously existing potential surfaces with the best quality, the DD and BGLK potentials, deviate more from the experimental value ͑25.18 cm Ϫ1 and 24.73 cm Ϫ1 respectively for the kϭϮ2°level͒. 30 The deviation of the energies calculated on the SAPT-5s-tuned surface from the experimental results is larger ͑ca. 17-19 cm Ϫ1 too large͒ for the kϭϮn 1 manifold. This could mean that SAPT-5s-tuned does not represent the higher part of the IPS accurately, but more probably reflects the approximations made in the calculations, viz. that the hydrogen bond length ͑O-O distances͒ was fixed. The possible breakdown of the separation of the torsional from the translational degrees of freedom will be discussed in detail in the following paper. The other accurate water pair potential ͓VRT͑ASP-W͔͒ reproduces the equilibrium structure of the water trimer quite well, when appropriately summed to form the trimer potential. 17 While this potential includes the leading three-body term ͑induction͒, the other two important three-body terms ͑dispersion, exchange͒ are not included in such a construction. Therefore the next step toward developing an accurate water potential is inclusion of the water trimer data set into a fit of existing water pair potentials like VRT͑ASP-W͒. 17 The precise characterization of all vibrational energy levels of ͑D 2 O͒ 3 below 100 cm Ϫ1 will allow initial fits of potentials to these VRT data, followed by in-TABLE III. The results of including the 583.2 GHz band in a global fit of all torsional bands yields essentially identical results to those in Table I ͑RMS: 1.5 MHz͒. All values are in MHz, except for which is dimensionless. Only the energy of the Ϯ2 0 level differs by 5.2 MHz, probably as only P-branch lines were included in the fit in Table I . clusion of the higher energy translational and librational vibrations discussed in the following papers. 8, 9 This will allow explicit quantification of the three-body forces, the leading many-body term, and already include most of the interaction energy required to model liquid water successfully.
IV. CONCLUSION
The observation and analysis of the 583.2 GHz band completes the precise characterization of the torsional states of ͑D 2 O͒ 3 up to 100 cm Ϫ1 . The results presented confirm the validity of the previous analyses, and the current analysis of large J-value transitions furthermore shows that the Hamiltonian developed by van der Avoird et al. even correctly predicts Coriolis splittings of higher J-values that had not been previously observable. The water trimer data set now includes energy levels up to 530 cm Ϫ1 and therefore allows comparison of experimental data with predictions from potential surfaces to much larger energies than previously available. The next step toward an accurate potential for liquid water therefore is inclusion of water trimer data into a fit of a potential, and calculations taking more than just the three torsional degrees of freedom into account.
